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Video-trackingLeftward ﬂow of extracellular ﬂuid breaks the bilateral symmetry of most vertebrate embryos, manifested by
the ensuing asymmetric induction of Nodal signaling in the left lateral plate mesoderm (LPM). Flow is
generated by rotational beating of polarized monocilia at the posterior notochord (PNC; mammals), Kupffer's
vesicle (KV; teleost ﬁsh) and the gastrocoel roof plate (GRP; amphibians). To manipulate ﬂow in a deﬁned
way we cloned dynein heavy chain genes dnah5, 9 and 11 in Xenopus. dnah9 expression was closely related
to motile cilia from neurulation onwards. Morphant tadpoles showed impaired epidermal ciliary beating.
Leftward ﬂow at the GRP was absent, resulting in embryos with loss of asymmetric marker gene expression.
Remarkably, unilateral knockdown on the right side of the GRP did not affect laterality, while left-sided
ablation of ﬂow abolished marker gene expression. Thus, ﬂow was required exclusively on the left side of the
GRP to break symmetry in the frog. Our data suggest that the substrate of ﬂow is generated within the GRP
and not at its margin, disqualifying Nodal as a candidate morphogen.
© 2009 Elsevier Inc. All rights reserved.Introduction
Cilia constitute ancestral organelles and are found throughout the
animal kingdom. In the vertebrates, cells of virtually all tissues possess
cilia, which grow out of basal bodies in non-dividing cells. Cilia serve a
plethora of functions; immotile cilia for example are involved in
mechanosensation (hearing, balance, excretion), vision (ciliary
photoreceptors) and signaling (Bisgrove and Yost, 2006; Marshall
and Nonaka, 2006). Motile cilia propel cells and organisms (protists,
larvae and sperm); they are involved in airway clearance, the
transport of early embryos along the female reproductive tract and
they direct organ laterality (Fliegauf et al., 2007; Ginger et al., 2008;
Satir and Christensen, 2007).
Cilia are membrane-sheathed cellular protrusions with an internal
microtubular skeleton (axoneme). The archetypical cilium consists of
nine peripheral microtubule doublets and a central apparatus of two
single microtubules (9+2 axoneme; Satir and Christensen, 2007).
Variants lacking the central apparatus (9+0) are frequently found,
and recently 9+4 axonemes, representing an apparent duplication of
the central apparatus, have been described in rabbit and mouse
(Caspary et al., 2007; Feistel and Blum, 2006; Fliegauf et al., 2007;
Satir and Christensen, 2007). The ciliary proteome comprises several).
l rights reserved.hundred proteins, many of which are involved in intraﬂagellar
transport (Pedersen et al., 2008; Scholey, 2008; Scholey and
Anderson, 2006). Ciliary motility is governed by dynein motor
proteins, which come in different ﬂavors, i.e. inner and outer arm
dynein complexes attached to the outer microtubule doublets. Dynein
complexes consist of several proteins including two or three dynein
heavy chains, representing the central part which conducts the motor
function. Additionally, there are several intermediate and light chain
dyneins important for cargo interaction and motor regulation (Asai
and Koonce, 2001; Hook and Vallee, 2006; Zariwala et al., 2007).
Dynein heavy chains represent large proteins (∼4500 amino acids)
which are divided into different classes according to their function and
intracellular localization (Asai andWilkes, 2004). Mutations in dynein
genes result in impaired ciliary motility including a complete loss of
motility due to structural defects in inner or outer arm complexes
(Afzelius, 2004; Fliegauf et al., 2007; Hornef et al., 2006; Zariwala et
al., 2007).
In accordance with the diverse roles of cilia in human tissues there
are many so-called ciliopathies, i.e. cilia-associated diseases, which
result from defects in ciliogenesis or ciliary motility. One group of
human syndromes referred to as Primary Ciliary Dyskinesia (PCD) is
characterized by loss of ciliary motility resulting in male sterility,
infections of the middle ear and of the lower and upper respiratory
tract (Storm van's Gravesande and Omran, 2005; Zariwala et al.,
2007). About half of the patients also display a mirror-image
arrangement of inner organs, such that the apex of the heart points
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the body (situs inversus; Storm van's Gravesande and Omran, 2005).
This disease pattern is known as Kartagener syndrome, which occurs
with a prevalence of 1/20.000–1/60.000 in the human population.
Axonemes of Kartagener patient cilia often display structural defects
and lack outer or inner dynein arms (Afzelius, 1976, 2004; Hornef et
al., 2006; Schwabe et al., 2008). Mutations have been assigned to
dynein axonemal heavy chain (dnah) genes dnah5 and dnah11, and
the intermediate chain gene dnai1 (Bartoloni et al., 2002; Guichard et
al., 2001; Olbrich et al., 2002; Omran et al., 2000; Schwabe et al.,
2008). A spontaneous mouse mutant with randomized placement of
inner organs (inversus viscerum, iv; Hummel and Chapman, 1959) has
also been linked to a mutation in a dynein gene, namely in left right
dynein (lrd), a gene homologous to human dnah11 (Supp et al., 1997,
1999).
In the context of vertebrate left–right axis formation, ciliary
motility is required at neurula stages in a ciliated epithelium at the
posterior notochord (PNC) in mammals, Kupffer's vesicle (KV) in
teleost ﬁsh, and the gastrocoel roof plate (GRP) in amphibians (Essner
et al., 2005; Essner et al., 2002; Nonaka et al., 1998; Okada et al., 2005;
Schweickert et al., 2007). PNC, KV and GRP are homologous structures,
representing the posterior-most roof of the archenteron (Blum et al.,
2007, in press; Bolker, 1993; Cooper and Virta, 2007). Functionally,
cilia produce a leftward ﬂow of extracellular ﬂuids, which ﬁnally
results in the asymmetrical activation of the Nodal signaling cascade
in the left lateral plate mesoderm (Essner et al., 2005; Kramer-Zucker
et al., 2005; Nonaka et al., 2002; Okada et al., 1999; Schweickert et al.,
2007). Two models have been proposed for ﬂow-mediated activation
of Nodal: transport of a morphogen across the ﬁeld of ciliated cells
(Hirokawa et al., 2006; Nonaka et al., 1998; Okada et al., 1999), and the
two-cilia model, in which one population of ciliated cells produce the
ﬂow and others perceive it via sensory cilia (McGrath et al., 2003;
Tabin and Vogan, 2003).
While dnah5, dnah9 and dnah11 have been identiﬁed in human,
mouse and zebraﬁsh left–right (LR) axis formation, dynein genes have
not been functionally studied in frog LR development so far (Bartoloni
et al., 2002; Essner et al., 2005; Ibanez-Tallon et al., 2002; Olbrich et
al., 2002; Omran et al., 2000; Supp et al., 1997). We have therefore
performed a descriptive and functional study of these genes in
Xenopus laevis and found that dnah9 showed the closest relation to
motile cilia from neurulation onwards. Morpholino-mediated gene
knockdown resulted in impaired epidermal cilia motility and in
laterality defects because of immotile GRP cilia. The role of dynein
heavy chain genes in ciliary motility and laterality determination
thus seems conserved. Selective targeting of the left or right side of
the GRP revealed that leftward ﬂow was dispensable on the right
side, while ﬂow on the left half of the GRP was sufﬁcient to induce
the Nodal cascade. This surprising result excludes the possibility
that a morphogen originates from the right margin of the GRP in
the frog embryo, but is consistent with release of a morphogen from
within the GRP as well as with a two-cilia model.
Materials and methods
Cloning of dnah5, dnah9 and dnah11 cDNA fragments from Xenopus
laevis
Total RNA was isolated from embryos of various stages and cDNAs
were prepared using standard protocols. Two independent fragments
of the X. laevis dnah5 gene were cloned, one derived from EST
BJ064436 (accession number FJ394549; primer sequences forward
5′-CTTTGGTGTCATTGGAATAGGGC-3′; reverse 5′-CCAGCTCCACGGA-
TACTCTC-3′; 551 bp length), and a second oneusing primers designed
following a BLAST analysis with mouse dnah5 against the X. tropicalis
genome (primer sequences 5e2 forward: 5′-GGAGGAGAAGGAAG-
CAAAACGGG-3′; 5e3 reverse: 5′-CATAATGTGCCGAAGTCCTCCAACTG-3′). For the X. laevis dnah9 gene, two independent fragments were
cloned as well, one which corresponded to accession number
AY100020 (primer sequences forward 5′-AACAGCTGGAGGA-
GCTACCA-3′; reverse 5′-CTCCAAGTACTCCGCCAAAG-3′; 1220 bp
length), and a second one using primers designed following a
BLAST analysis with mouse dnah9 against the X. tropicalis genome
(primer sequences 9e2 forward: 5′-GGACGTTTGTGATGGTCGG-3′;
9e3 reverse: 5′-TGGGGTTTTTTCCTTGCAGAAG-3′). dnah11 primers
were selected from the X. tropicalis genome as well, based on a
BLAST analysis using the mouse lrd (dnah11) gene (primer
sequences forward 5′-GAACACCTTGTTAGATTTGTCATTG-3′; reverse
5′-GCTCTGCATAATTACTTGTAAC-3′; 1131 bp length, Accession
FJ394550).RNA in situ hybridization, immunohistochemistry and histological
analysis
Embryos were ﬁxed in MEMFA for 2 h and processed following
standard protocols (Sive et al., 2000). Digoxigenin-labelled (Roche)
RNA probes were prepared from linearized plasmids using SP6 or T7
RNA polymerase (Promega). In situ hybridization was according to
Belo et al. (1997). Immunohistochemistry was performed on whole-
mount embryos ﬁxed in 4% PFA for 1 h at RT. Embryos were processed
according to standard procedures (Sive et al., 2000). Antibodies used
were mouse monoclonal antibody directed against acetylated alpha
tubulin (1:700; Sigma) and Cy2- or Cy3-conjugated secondary
polyclonal rabbit or sheep anti mouse antibodies (Jackson Immu-
noresearch or Sigma; both 1:250). Lineage tracers included DsRed
(50–100 ng/μl; Bevis and Glick, 2002), mRFP (50–100 ng/μl),
rhodamine-B dextran (0.5–1.0 μg/μl; Molecular Probes) and CMV-
GFP (100 ng/μl). For histological analysis embryos were embedded in
gelatine–albumin and sectioned on a vibratome (30 μm). Statistical
calculations ofmarker gene expression patternswere performed using
Pearson's chi-square test (Bonferroni corrected; Statistica 6.1– StatSoft
Inc.) unless indicated otherwise.RT-PCR analysis and morpholino knockdown of dnah9 and dnah5
Total RNA was extracted from injected specimens by phenol–
chloroform extraction and ethanol precipitation. RNAs were tran-
scribed into cDNAs and ampliﬁed for the detection of dnah9 or dnah5
mRNA expression (see cloning of cDNAs above) and for the detection
of splice variants (9e2, 9e3, 9i2: 5′-CAACAAGGCAGAGGTTAGTC-3′;
5e2, 5i2: CACTGGCACAAGATTTCTTGTG). PCR reactions were carried
out at 30 (EF1alpha), 31 (9e2) or 33 (9i2, 5e2/5i2) cycles respectively.
The splice site blocking MOs for dnah5 and dnah9 both covered the
exon2 splice donor site (dnah5-SB-MO: 5′-TGTACAGACCTGAT-
TACCCTCTAGA-3 ′ ; dnah9 -SB-MO 5 ′ -CATAGGAATCAACT-
CACTTTTTCTC-3′). The start site blocking MO for dnah9 (dnah9-
AUG-MO) comprised 5′-GGTCACGTTTTGGAGGTGCAGTGGC-3′.Microinjections
Embryos were injected at the 4–8 cell stage using a Harvard
Apparatus set-up. Drop size was calibrated to about 7–8 nl/injection.
Morpholinos were used at 0.25–8 pmol/embryo as indicated. Lineage
tracer RNAs were prepared using the Ambion message machine kit
and diluted to a concentration of about 50–100 ng/μl. In all
experiments only 4–8 cell embryos with a clear dorso-ventral
segregation of pigment were used for injections (Klein, 1987;
Danilchik and Black, 1988), and only correctly targeted specimens
(controlled by co-injected lineage tracer) were processed for further
analysis (cf. Suppl. Fig. 5).
Fig. 1. Maternal and early zygotic expression of dnah9. Whole-mount in situ
hybridization of staged embryos with a dnah9-speciﬁc antisense probe. (A, B) Maternal
mRNA localizes to the animal pole of the zygote (hemi section in A), and 4-cell embryo
in top (B) and side view (B’). (C–F) Zygotic expression in the dorsal lip at stage 11 (C)
and at stage 13 (arrow in D). (E) Early neurula (stage 16) in frontal view (E) and
transverse section (E’). Note expression in the ﬂoor plate (arrowheads; section at a level
anterior to the gastrocoel roof plate). (F) Lateral view of a stage 21 neurula with ﬂoor
plate (F’) and epidermal staining (anterior to the left). (G) Localization of dnah9mRNA
in multi-ciliated cells of the epidermis at stage 32, demonstrated by sequential in situ
hybridization (G’) and immunohistochemistry using an antibody against acetylated
tubulin (G”). no, notochord; s, somite. Scale bar represents 15 μm.
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Fluorescent in vivo imaging of epidermal and GRP cilia motility was
performed following PACRG∷eGFP (TW and MB, unpublished)
injection. Time-lapse sequences were recorded on a Zeiss Axioskop
equipped with a CCD camera (AxioCam Hsm, Zeiss) with AxioVision
4.6 (Zeiss) at 62 frames per second (fps).
Video-tracking of tadpoles
Embryos were unilaterally injected into the left or right ventral
animal blastomere at the 4–8 cell stage with 1 pmol dnah9-MO and
lineage tracer DsRed (100 ng/μl) to target the epidermis. Specimens
were raised to stage 32 on 1% agarose dishes in 0.1×MBSH. At this
stage, the ciliary based motion of the embryos was fast and robust in
wildtype tadpoles (data not shown). As embryos at this stage lie on
their sides, it was possible to test the motion of either side
individually. To circumvent muscle contractions (active swimming),
which would compromise cilia-based motion, embryos were anesthe-
tized with benzocaine (Sigma). After validation of unilateral lineage
tracer expression, embryos were placed individually in agarose-
coated Petri dishes with 0.1×MBSH+benzocaine. Six Petri dishes
were analyzed in parallel (cf. Fig. 3B) and embryo motion was
recorded for 10 min at 25 fps using a Sony DCR-HC23E CCD camcorder
and VirtualDub (http://www.virtualdub.org). Subsequently, each
embryo was ﬂipped over to the other side and motion was recorded
likewise (cf. Suppl. movie 1+2). Movies were automatically analyzed
by a custom-made video-tracking software written in C#. The
procedure comprised the following steps: (1) the positioning of the
embryo was analyzed via contour detection in each frame; (2) the
center of the embryo (center of mass) was calculated and its trajectory
over the experimental time was computed; (3) raw data were
imported into MS Access database allowing for the calculation of
mean velocity of embryo sides. Embryos which showed no move-
ments or movements which were interrupted artiﬁcially (e.g. caused
by unevenness of the agarose) were excluded from the analysis. The
uninjected side served as internal control. Therefore determination of
statistical signiﬁcance was performed byWilcoxon matched pairs test
(Statistica 6.1 – StatSoft Inc.).
Flow analysis
Embryos were co-injected with MO and lineage tracer (75 ng/μl
DsRed-RNA or 0.5 μg/μl rhodamine-B-dextran) at the 4–8 cell stage in
order to target the GRP (cf. Figs. 4A, 6A and Suppl. Fig. S6 for injection
schemes and text for concentrations of MOs). Embryos were raised to
stage 16–18 in 0.1×MBSH. Dorsal explants were prepared and the
extracellularﬂowat theGRPwas recordedasdescribed (Schweickert et
al., 2007). For the analysis, particle trajectories were tracked by ImageJ
plugin ParticleTracker (Abramoff et al., 2004; Sbalzarini and Koumout-
sakos, 2005) and qualitative and quantitative measurements were
calculated with a custom-made program written in statistical-R (R
DevelopmentCore Team, 2008). Flowwas analyzed bya series of steps:
(1) trajectories with less than 5 s duration were excluded because
necessary information was not gained on short tracks; (2) a mask
covering the GRP was introduced to calculate the ﬂow parameters of
trajectories above the GRP exclusively; (3) to exclude particles not
moved by ﬂow (Brownianmotion), a Rayleigh's test of uniformity was
performed on each trajectory to distinguish between directed and
random particle motion. Particles were considered ‘directed’ when
they reached a mean-resultant-length (rho) of N0.6; (4) to determine
the general direction ofﬂow, a secondRayleigh's test of uniformitywas
performed comprising themeanangles of ‘directed’particles above the
GRP; (5) the signiﬁcance of leftward direction was assessed by
analyzing a speciﬁed mean direction (left) against the mean-resultant
length of acquired ﬂow. To visualize particlemovement a timewindowof 25 s was chosen. Each particle coordinate was colored time-
dependentlyaccording to the color-gradient green (timepoint t=0s ),
yellow (t=12.5 s ), red (t=25 s ) resulting in a gradient-time-trail
(GTT) for each trajectorymeeting the above criteria. The Suppl. Movies
4 and 6 were generated by assembly of GTTs offset by 1 s.
Results and discussion
Cloning and developmental expression patterns of three dynein heavy
chain genes in Xenopus laevis
The three genes selected for the present analysis were chosen
based on their known roles in LR axis development in mouse,
zebraﬁsh, frog and human. dnah5 and dnah11 are mutated in human
Kartagener patients (Bartoloni et al., 2002; Olbrich et al., 2002). The
mouse homologs are expressed in the PNC, and knockout embryos
display LR defects (Ibanez-Tallon et al., 2002; Supp et al., 1999; Supp et
al., 1997). We and others have previously shown that the Xenopus
homolog of dnah9 is expressed in the GRP (Essner et al., 2002;
Schweickert et al., 2007). The zebraﬁsh homolog is transcribed in
Kupffer's vesicle, and morphant ﬁsh display laterality defects as well
(Essner et al., 2005; Kramer-Zucker et al., 2005). As the full-length
cDNAs span about 14 kb, fragments were cloned (for details see
Materials and methods). The alignment of dnah5 showed a high
degree of conservation of the cloned fragment throughout the
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the closer related genes dnah9 and dnah11, cloned sequences were
compared to one another and to the respective mouse homologs
(Suppl. Fig. 2). The similarity between different species and genes
clearly revealed the high homology of the cloned dnah11 fragment of
Xenopus laevis with mouse dnah11 (lrd).
Expression analysis of all three genes was performed by whole-
mount in situ hybridization (WMISH) using digoxigenin-labeled
antisense probes. Sense control WMISHs were negative in all cases
(Suppl. Fig. 3B and data not shown). Maternal mRNAwas detected for
dnah9; strong signals were seen in the zygote and throughout
cleavage (Figs12. 1A, B and Suppl. Fig. 3). In the zygote (Fig. 1A, B
and Suppl. Fig. 3) and at the 4-cell stage (Figs. 1B, B’) dnah9mRNAwas
localized to the animal pole. Zygotic expression of dnah9 was obvious
in the dorsal lip of the blastopore from stage 10–13 (Figs. 1C, D, and
data not shown). With the beginning of neurulation, dnah9 was
detected for the ﬁrst time in ciliated cells, namely in the ﬂoor plate and
epidermis (Figs. 1E–G). dnah5 and dnah11 were not found to be
expressed maternally, and zygotic mRNAs were only detected starting
at neurula (dnah5) and early tailbud stages (dnah11).
From neurulation onwards, expression of all three genes correlated
with ciliated tissues, i.e. GRP (Fig. 2A), otic vesicle (Fig. 2B),
nephrostomes (Figs. 2B, B’), epidermis (Figs. 2B, B”) and tailbud
(Figs. 2B, B’”), as well as esophagus (not shown), stomach and small
intestine (Fig. 2C). Common and distinct patterns were observed forFig. 2. Comparison of expression patterns of dnah5, dnah9 and dnah11 in ciliated embryonic t
to highlight cilia. (A) Ciliated cells at the GRP, nephrostomes (B’), epidermis (B”) and tailbud
in situ hybridization of staged embryos with dnah5 (D–F), dnah9 (G–I) and dnah11 (J–L) spe
shown in ventral view, anterior to the top. (B, E, H, K) 2-day tadpoles are oriented anterior to t
proctodeum (arrowhead). (C, F, I, L) Ventral views of stage 43/44 tadpoles. Proctodeum ma
dnah9 showing markedly stronger signals, whereas dnah11 is only expressed in the procto
restricted to the neural tube of the tailbud, whereas dnah11 is additionally expressed in th
notochord; s, stomach; si, small intestine.the three genes. In the ciliated epithelium of the stage 17/18 GRP,
signals for both dnah5 and dnah9 were detected, although to a much
lesser extent in the former case (Figs. 2D, G), while dnah11 was never
seen in the GRP (Fig. 2J and data not shown). Themulti-ciliated cells of
the epidermis started to become positive for dnah9mRNA at stage 16
(data not shown), and persisted to about stage 43 (Figs. 1F, G, 2H, H”, I
and Tran et al., 2007). Weak signals barely above detection level were
also seen in this population of skin cells in a few cases with the dnah5
probe (not shown), while dnah11 was negative throughout the
epidermis (Figs. 2K, K”). The nephrostomes were positive for both
dnah5 and dnah9 (Figs. 2E, E’, H, H’ and Tran et al., 2007), again
much stronger in the case of dnah9. As with the GRP and epidermis,
dnah11 was also absent from the nephrostomes (Figs. 2K, K’). This
correlation held also for the otic vesicle, which was stained for dnah5
and dnah9 mRNA, but negative for dnah11 (Figs. 2E’, H’, K’, and data
not shown). Co-expression of all three genes was found in the tailbud
region (Figs. 2E, E’”, H, H’”, K, K’”). dnah5 and dnah9 were seen in the
posterior-most neural tube, i.e. chordoneural hinge derived ﬂoor plate
and posterior wall-derived dorsal aspects of the neural tube (Figs.
2E’”, H’”). In contrast, dnah11 was additionally seen in the posterior
wall itself (Fig. 2K’”). A further site where all three genes were
transcribed was found in the gastro-intestinal tract of the stage 43/44
tadpole, namely the esophagus (not shown), the very anterior part of
the small intestine and the stomach as well as the proctodeum (Figs.
2F, I, L, and insets in E, H, K).issues. (A–C) Immunohistochemistry using an antibody against acetylated alpha tubulin
(B’”) of the 2-day tadpoles, and (C) in stomach and small intestine. (D–L)Whole-mount
ciﬁc antisense probes. GRPs (A, D, G, J), outlined in dorsal explants by dotted lines, are
he left and dorsal up; blow-ups are indicated by dashed lines. Insets show frontal view of
rked by arrowheads. Note that dnah5 and dnah9 are co-expressed in ciliated cells, with
deum, tailbud and gastro-intestinal tract. Please note also, that dnah5 and dnah9 are
e posterior wall. cnh, chordoneural hinge; fp, ﬂoor plate; nc, neuroenteric canal; no,
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heavy chain genes demonstrates that ciliated cells and tissues present
a strong common denominator of gene activity. Nevertheless, speciﬁc
and distinct sites and expression levels were found in every single
case, supporting the notion that outer arm dynein heavy chain
isoforms may represent tissue-speciﬁc variants (Asai and Wilkes,
2004; Fliegauf et al., 2005; Samant et al., 2002; Zariwala et al., 2007).
Common expression sites such as for dnah5 and dnah9 in GRP,
nephrostomes, otic vesicle and tailbud may indicate functional
redundancies. However, as has been shown in the case of the
human airway epithelium and sperm ﬂagellum, Dnah5 and Dnah9
may localize to different regions along the axoneme, and thus fulﬁll
speciﬁc and distinct functions in a given cilium (Fliegauf et al., 2005;
Zariwala et al., 2007). Surprisingly, we have not seen dnah11
transcription in the GRP as reported for its mouse homolog lrd in
the PNC (Supp et al., 1997). A possibility which we cannot exclude at
the moment is a residual expression below the detection level of
WMISH. On the other hand both dyneins could have homologousFig. 3. Knockdown of dnah9 in the epidermis inhibits ciliary motility. (A) Ventral injection o
resulted in speciﬁc labeling of right but not left epidermis at stage 32. (B) Tadpole motion a
standard (CCD) digital cameras at 25 fps. Movements were recorded via connected computer
resulted in a very highly signiﬁcant decrease of tadpole velocity on the injected side. (D–
Immunohistochemistry of stage 32 tadpoles using an antibody against acetylated tubulin (g
equal ciliation in specimens injected with control MO (D) and in dnah9morphants (E). (F, G)
Targeted regions of skin are highlighted in (F) and (G) by overlay with injected lineage trace
equal ciliation in control-injected and morphant embryos. an, animal; d, dorsal; l, left; r, rigfunctions in the generation of ﬂow, compensating the loss of one
another, as both represent homologs of Chlamydomonas beta chain
dyneins (Zariwala et al., 2007). It will be interesting to see whether
dnah9 is expressed in the mouse PNC, and – if so – whether a
knockout would result in laterality defects.
Impaired motility of epidermal cilia in dnah9 morphant tadpoles
The expression patterns described in Figs. 1 and 2 demonstrated
that dnah9 provided the closest link to motile cilia. In addition,
expression levels were consistently stronger compared to the other
two genes (Fig. 2), promising more pronounced phenotypes upon
gene knockdown. Two morpholino oligonucleotides were designed,
one in order to interfere with splicing of intron 2 (dnah9-SB-MO;
Suppl. Fig. 4A) and a second one to prevent initiation of translation
(dnah9-AUG-MO). Inhibition of splicing was assessed by RT-PCR.
Control morpholino (Co-MO) or dnah9-SB-MO were injected at the
4-cell stage into the animal region of all 4 blastomeres, embryosf lineage tracer mRFP into the marginal regions of vegetal and animal right blastomeres
ssay. Stage 32 tadpoles were placed individually into six Petri dishes and monitored by
s (PC) and calculated using a custom-made software. (C) Unilateral dnah9-MO-injection
G) Ciliation of epidermal cells was unaffected in dnah9-MO-injected tadpoles. (D, E)
reen) and red ﬂuorescence from co-injected lineage tracer mRFP (red). Overlays reveal
Scanning electron micrographs of control MO (F) and dnah9-SB-MO-injected tadpoles.
r (GFP). Higher power magniﬁcations of targeted regions in (F’, F”, G’, G”) demonstrate
ht; v, ventral; veg, vegetal. Scale bars represent 10 μm.
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RT-PCR revealed that in Co-MO-injected embryos only spliced RNA
species were found, corresponding to excision of intron 2, while in
dnah9-SB-MO-injected specimens this band was markedly reduced,
and unspliced bands were found (Suppl. Fig. 4A). Thus, dnah9-SB-
MO efﬁciently reduced the amount of spliced dnah9 mRNA in the
embryo.
The expression of dnah9 in ciliated cells of the 2-day tadpole
epidermis indicated a function in ciliary motility and, consequently,
tadpole motion. Tadpoles become motile due to beating of epidermal
cilia bundles at about stage 25, resulting in slow hovering movements
of specimens when placed and observed on agarose dishes. In order to
prove that dnah9was required for cilia-based tadpole motility, dnah9-
MO was injected unilaterally into the right or left ventral blastomeres
of the 4–8 cell embryo (1–2 pmol/embryo). More speciﬁcally, MOs
were targeted to the epidermis by injection into themarginal region of
animal and vegetal blastomeres (Fig. 3A). Correct targeting was
monitored by co-injection of DsRed or mRFP as lineage tracer (Fig.
3A). Suppl. movie 1 demonstrates that tadpoles were unaffected in
their motion pattern when placed on their uninjected side, while on
the dnah9-MO-injected sides specimens moved much slower.
A sensitive assay was developed to assess the effect of dnah9
knockdown on tadpole motility in a quantitative manner. Injected
tadpoles were cultured to stage 32 and placed individually into 5 cm
Petri dishes. Six Petri dishes were monitored simultaneously for
periods of 10 min each, and the distance covered was calculated using
a custom-made video-tracking software (Fig. 3B; Suppl. movie 2; cf.
Materials andmethods). Muscle contraction derivedmovementswere
eliminated by benzocaine treatment prior to motion analysis.
Benzocaine did not interfere with ciliary motility (n= 12; not
shown). No differences were recorded when uninjected tadpoles
were placed on their left and right side and analyzed for cilia-based
motion (left: 7.17 mm/min±0.99 SEM; right: 6.65 mm/min±0.75;
Fig. 3C). The slightly higher velocity on the left was within theFig. 4. No induction of Pitx2c in dnah9 and dnah5morphants. Injection into the marginal regi
view) and GRP (B’; ventral view of dorsal explant). (C–E) Laterality defects in morphants
absence of lateral plate expression in dnah9-MO-injected tadpole (D). (E) Quantiﬁcation of
encountered, while absence of Nodal cascade inductionwas found in up to 75% of cases. Pleas
SB-MO. an, animal; d, dorsal; l, left; r, right; v, ventral; veg, vegetal.naturally occurring margin and statistically not signiﬁcant (p= 0.117;
n= 33). The analysis of dnah9-MO-injected embryos, however,
revealed drastic differences: displacement on the uninjected control
side was 6.15 mm/min±0.89 SEM, while tadpoles were very highly
signiﬁcantly (p b0.001; n= 19) slower on their knockdown side with
an average of 2.47 mm/min±0.24 SEM (Fig. 3C).
The dnah9-MO-mediated reduced tadpole motility could either be
due to a ciliation defect, or alternatively to impaired ciliary motility.
Ciliation was analyzed by immunohistochemistry using an antibody
against acetylated alpha tubulin (Figs. 3D, E; green) and by scanning
electron microscopy (SEM; Figs. 3F, G). Numbers of both ciliated cells
and cilia per ciliated cell as well as cilia length appeared indis-
tinguishable between Co-MO (Figs. 3D, F) and dnah9-SB-MO (Figs. 3E,
G) injected specimens, demonstrating that ciliation was unaffected in
dnah9-morphants. Cilia movement was directly assessed by ﬂuores-
cent video microscopy of MO-injected embryos. Suppl. movie 3 shows
that cilia beating was unaffected in Co-MO-injected specimens. In
contrast, dnah9-SB-MO-targeted cells displayed vibrating or frozen
cilia, but never the normal fast beating pattern of wildtype or Co-MO-
injected cells.
These experiments show that dnah9 is a necessary component of
epidermal cilia to promote cilia beating and, consequently, muscle-
independent tadpole motility (hovering). In addition, our tadpole
motion assay is suited for high-throughput analysis and may be a
useful tool to screen for agonists or antagonists of ciliary beating (cf.
Hayes et al., 2007).
Knockdown of dnah9 or dnah5 in the GRP caused laterality defects
The role of dnah9 for LR axis speciﬁcation was assessed by MO-
mediated gene knockdown in the GRP. dnah9-SB-MO was injected
into the marginal region of the dorsal left and right blastomeres at
the 4–8 cell stage (Fig. 4A). Co-injected lineage tracer rhodamine-B
dextran revealed that the dorsal midline (GRP, notochord, ﬂooron of left and right dorsal blastomeres (A) speciﬁcally targets the ﬂoor plate (B; external
. Wildtype left-asymmetric expression of Pitx2c in Co-MO-injected specimen (C) and
results. Note that bilateral and right-asymmetric expression patterns were very rarely
e note that all threeMOs resulted in similar effects as well as dose-dependency of dnah9-
Fig. 5. No leftward ﬂow at the GRP of dnah9-SB and dnah5-SB morphant embryos. Flowwas analyzed by addition of ﬂuorescent microbeads to dorsal explants and video microscopy.
Representative examples of stage 17/18 dorsal explants of Co-MO (A), dnah9-SB-MO (B) and dnah5-SB-MO (C) injected embryos. Targeted areas indicated by red lines represent the
limits of lineage tracer. Particle movements displayed as gradient-time trails (GTTs), representing 25 s from green to red (cf. bar in C). (A’–C’) Quantitative analysis of GTT
directionality over the area of the GRP demonstrating strong leftward ﬂow in Co-MO and absence of directed bead transport in dnah9-SB- and dnah5-SB-MO-injected
specimen. (D, E) Collapsed movies of in vivo imaged cilia movements by ﬂuorescence microscopy using a PACRG∷eGFP fusion construct. Co-MO injection resulted in wildtype
rotational pattern (D), whereas dnah9-SB-MO-injected GRPs displayed variant phenotypes, namely irregular circular movements (E), wiggling (E’) or arrested motion (E”; cf.
Suppl. Movie 5). Scale bar represents 50 μm. a, anterior; l, left; p, posterior; r, right.
287P. Vick et al. / Developmental Biology 331 (2009) 281–291plate) was efﬁciently targeted by this scheme (Figs. 4B, B’). Co-MO-
and dnah9-SB-MO-injected specimens were incubated until they
reached stage 31, and analyzed for expression of Pitx2c mRNA
expression by WMISH. Control-injected tadpoles revealed the
normal left-asymmetric expression of Pitx2c in N95% of cases
(Figs. 4C, E). In contrast, no Pitx2c signals were found in the left
LPM of about 75% of dnah9 morphant embryos injected with
8 pmol/embryo (Figs. 4D, E). These differences in Pitx2c expression
were statistically very highly signiﬁcant (p b0.001). When the MO
dose was lowered to 4 and 2 pmol/embryo, about 55% and 30% of
embryos failed to induce Pitx2c transcription in the left LPM (Fig. 4E;
p b0.001 and p= 0.0016, respectively). Normal left-sided, right-
asymmetric and bilateral expression pattern represented very small
proportions of knockdown embryos with all three concentrations
tested in these experiments (Fig. 4E). The observed dose-dependency
underscores the speciﬁcity of the dnah9-SB-MO-effects. Xnr1 expres-
sion was analyzed as well and conﬁrmed the results obtained for
Pitx2c (Suppl. Fig. 5; p b0.001).
A rescue of the dnah9-MO phenotype was not tried, as the mRNA
comprises 14 kb, and a full-length cDNA clone was not available. In
order to investigate the speciﬁcity of the splice site MO, the dnah9-
AUG-MO was targeted to the GRP as well. Concentrations of injected
dnah9-AUG-MO were carefully titrated; at the doses used (0.5–
1 pmol/embryo) early development was unaffected by dnah9-AUG-
MO. Higher concentrations resulted in gastrulation defects, indicating
a function of maternal mRNA (to be reported elsewhere). Knockdown
of dnah9 by dnah9-AUG-MO resulted in alterations of asymmetric
Pitx2c and Xnr1 expression at frequencies comparable to the splice site
blocking MO (Fig. 4E, Suppl. Fig. 5). dnah5 morphants were analyzed
for LR defects as well, because of GRP co-expression with dnah9 and
absence of a maternal component (cf. Figs. 2D, G). Morpholino
speciﬁcity was shown by RT-PCR using an intron 2 speciﬁc primer in
much the same way as shown for dnah9 above (Suppl. Fig. 4B).
Injection of this splice site blocking MO (dnah5-SB-MO) into the GRP
resulted in about 55% of embryos without asymmetric Pitx2c mRNA
expression (p b0.001; Fig. 4E).The absence of Pitx2c expression in morphants clearly demon-
strated a conserved role of dynein heavy chain genes in LR axis
formation. In iv/iv mouse mutants as well as in dnah9 morphant
zebraﬁsh embryos immotile cilia cause an absence of leftward ﬂow at
the PNC and KV, respectively (Essner et al., 2005; Okada et al., 1999).
We therefore wondered how ﬂow was affected by dnah9 and dnah5
knockdown in the GRP of Xenopus tadpoles. Flow was investigated by
adding ﬂuorescent beads to the GRP in dorsal explants of stage 17/18
embryos basically as described (Schweickert et al., 2007). In short,
time-lapse videos of Co-MO-, dnah9- and dnah5-SB-MO-injected
specimens were processed to yield gradient-time trails (GTTs), i.e.
color-coded tracks of beads which reveal direction of transport and
velocity of particles (from green to red; 25 s). Undirected particle
movement was eliminated from the analysis to ﬁlter out particles
moved by Brownian motion (cf. Materials and methods).
Co-MO-injected embryos revealed robust leftwardﬂowat stage 17/
18 (Fig. 5A and Suppl. movie 4). Directionality of particle movement
was quantiﬁed by calculating the percentages of GTTs projecting into
one of 8 segments comprising45° each (Figs. 5A’, B’, C’). As a qualitative
measure ofﬂow, themean-resultant lengthof particle trails (Rayleigh's
test of uniformity) was calculated and is indicated as a dimension-less
number rho. A rho-value of 1 thus designates a situation in which all
GTTs project uniformly into the same direction, whereas zero
represents randomness of particle movements (GTTs projecting
equally into all possible directions), i.e. no ﬂow. The rho-value
amounted to 0.61 in the Co-MO-injected explant (Fig. 5A’). Leftward
ﬂow was severely affected in dnah9- and dnah5-SB-MO-injected
embryos. The representative cases displayed in Figs. 5B’, C’ for example
revealed rho values of 0.31 and 0.26, i.e. no ﬂow (cf. Suppl. movie 4).
Taken together these data show that laterality defects in dnah9 and
dnah5morphants were caused by absence of leftward ﬂow.
In order to analyze whether altered ciliary motility was the cause
of absent ﬂow, GRP cilia were imaged in Co-MO- and dnah9-SB-MO-
injected dorsal explants using a PACRG∷eGFP fusion protein. The
parkin co-regulated gene PACRG encodes a protein which – among
other expression sites – is found on axonemes of ciliated cells (Dawe
288 P. Vick et al. / Developmental Biology 331 (2009) 281–291et al., 2005; Ikeda et al., 2007 and TW and MB, unpublished). Suppl.
movie 5 shows that GRP cilia beating was indeed disturbed in
morphants. Cilia displayed rotational beating inwildtype (not shown)
and Co-MO-injected explants (Fig. 5D and Suppl. movie 5). Cilia
appeared normal in length but wildtype beating was not detected on
cells targeted by dnah9-SB-MO. A range of ciliary movement defects
were observed, namely cilia displaying uncoordinated rotations (Fig.
5E), wiggling cilia (Fig. 5E’), or cilia frozen in their motility (Fig. 5E”
and Suppl. movie 5). In summary, our analysis of laterality phenotypes
in dnah9 and dnah5morphants revealed that Dnah9 and Dnah5 were
axonemal components required for ciliary motility, and that in
morphants of either gene cilia beating and ﬂow were severely
impaired.Fig. 6. Flow is dispensable on the right side of the GRP. (A, B) Injection scheme to speciﬁcal
dorsal explant). (C–E) Flow analysis of Co-MO left (C), and dnah9-SB-MO right (D) and left (
lines represent the limits of lineage tracer. Particle movements displayed as gradient-time tr
absent on dnah9-SB-targeted sides. (C’–E”) Quantitative analysis of GTT directionality over th
asymmetric expression in Co-MO and right dnah9-SB-MO-injected tadpoles, and absence o
anterior; an, animal; d, dorsal; l, left; p, posterior; r, right; v, ventral; veg, vegetal. Scale barThe lack of asymmetric marker gene expression in frog dnah9 and
dnah5 morphants is consistent with experiments in which leftward
ﬂow was abolished by injection of methylcellulose (MC) into the
archenteron of neurula embryos (Schweickert et al., 2007). Thus, both
experimental schemes result in absence of ﬂow and lack of induction
of marker genes in the left LPM of Xenopus laevis. These observations,
however, differ from the randomized expression seen in iv/iv mutant
mouse embryos and from dnah9 morphant zebraﬁsh. Differences
might be caused by the size of the ﬁeld of ciliated cells. In mouse PNC
and zebraﬁsh KV, this area is considerably narrower compared to the
Xenopus laevis GRP, by about a factor of 3 (Blum et al., in press; Cooper
and D'Amico, 1996; Schweickert et al., 2007; Sulik et al., 1994).
Dependent on how ﬂow acts mechanistically, size of ciliated epithelialy target left and right half of ﬂoor plate (B, external view) and GRP (B’, ventral view of
E) injected dorsal explants (ventral views, anterior up). Targeted areas indicated by red
ails (GTTs), representing 25 s from green to red (cf. bar in panel E). Note that ﬂow was
e respective left and right sides of the GRP. (F) Pitx2c expression analysis. Wildtype left-
f signals in left dnah9-SB-MO, dnah9-AUG-MO and dnah5-SB-MO-injected embryos. a,
in panel C represents 50 μm and applies to panels C–E.
Fig. 7.Model of morphogen-mediated symmetry breakage in mouse and frog. Leftward
ﬂow transports a morphogen (purple circles) across the ciliated epithelia (PNC, GRP).
The morphogen emanates from notochordal cells (light green) which are found
throughout the PNC and in the center of the GRP. Sensing of the morphogen at the left
margin of PNC/GRP triggers transfer of asymmetric cues to the lateral plate mesoderm
(red ﬂash). Absence of ﬂow results in short-range diffusion of morphogen, which in
mouse can lead to random activation of the Nodal cascade. In frog the distance between
site of release and GRP margin is too far for activation by short-range diffusion,
precluding induction of LPM nodal. Blue, ectoderm; yellow, endoderm; dark green,
precursors of somitic mesoderm; light green, notochord and notochordal precursors in
the GRP; red, precursor cells of hypochord.
289P. Vick et al. / Developmental Biology 331 (2009) 281–291and identity of PNC/GRP/KV cells might be of functional relevance
(see below).
Flow at the left but not right side of the GRP is required for LR axis
formation
The efﬁcient disruption of ﬂow upon dnah9- and dnah5-SB-MO-
injection afforded the opportunity of testing whether ﬂow was
required throughout the GRP. dnah9- or dnah5-SB-MO were injected
unilaterally into the dorsal margin of the left or right blastomere of 4–
8 cell embryos, along with rhodamine-B dextran as lineage tracer
(Figs. 6A, B). Flow was indistinguishable in untargeted and Co-MO
targeted halves (Suppl. movie 6 and Figs. 6C–E). Particle transport was
selectively inhibited, however, in dnah9- and dnah5-SB-MO-injected
GRP halves, while the respective uninjected sides displayed wildtype
ﬂow (Suppl. movie 6). GTTs projected normally in regions not hit by
the dnah9- or dnah5-SB-MO, while in the targeted area GTTs did not
progress (Figs. 6D, E and Suppl. movie 6). Quantitative analysis of ﬂow
revealed wildtype rho values (N0.6) for Co-MO and untargeted GRP
areas, while dnah9-SB-MO resulted in the absence of ﬂow (rho values
of 0.26–0.49; Figs. 6C’–E”).
To assess the consequences of unilateral ﬂow ablation, embryos
were cultured to stage 33 and processed for Pitx2c mRNA expression.
Surprisingly, ablation of ﬂow on the right side of the GRP did not
signiﬁcantly alter marker gene expression (Fig. 6F). In N90% of
injected embryos in which dnah9-SB-MO was targeted to the right
side, Pitx2c was expressed in the left LPM as in Co-MO-injected and
uninjected embryos (Fig. 6F). When the left side of the GRP was
targeted by dnah9- or dnah5-SB-MOs, however, Pitx2c was not
expressed in the left LPM in very highly signiﬁcant percentages of
cases compared to right-sided injections (p b0.001 throughout; Fig.
6F). The GRP-speciﬁcity of MO-targeting was further studied by
injecting unilaterally into the dorsal–marginal, dorso-lateral or
ventral–marginal regions of the 4-cell embryo (Suppl. Figs. 6A–C).
Signiﬁcant effects on Pitx2c gene expressionwere only observed when
the GRP was hit upon dorsal–marginal (75% of cases) and dorso-
lateral (45% of cases) injections (Suppl. Fig. 6D). These very highly
signiﬁcant differences upon injection of the same dorsal blastomere
suggest limited diffusion of MOs (Suppl. Figs. 6A, B, D). In summary,
these experiments show that ﬂow was only required in the left half of
the GRP for symmetry breakage to occur in a biased manner.
Two models have been put forward to account for the highly
reliable breakage of bilateral symmetry by cilia-driven leftward ﬂow
in the vertebrate embryo. The two-cilia model postulates two
populations of ciliated cells, centrally localized ones which are motile,
express dnah11 (lrd) and Pkd2 and produce a vectorial leftward ﬂow,
and peripheral cells, lacking dnah11 and harboring immotile, i.e.
mechanosensory cilia (McGrath et al., 2003; Tabin and Vogan, 2003).
The calcium channel Polycystin-2 (encoded by Pkd2), which is
required for laterality determination in the mouse (Pennekamp et
al., 2002), serves as the sensor of ﬂow in this model. The two-cilia
model is clearly compatible with our dnah9 knockdown and MC
experiments (Schweickert et al., 2007). The lack of induction of the
Nodal cascade in dnah5 and dnah9 morphants in the two-cilia model
is best explained by a failure to sense. In the absence of the sensor, i.e.
in the Pkd2 knockout mouse, this is exactly what is observed
(Pennekamp et al., 2002). The left-speciﬁc knockdown likewise
mediated loss of ﬂow at the left margin, i.e. where it is needed to be
sensed for left-asymmetric induction of the Nodal cascade. The
unilateral right-sided knockdown, on the other hand, led to normal
left-asymmetric expression, as ﬂow and sensing still occurred at the
left margin of the GRP.
The second model in contrast postulates that ﬂow transports a
morphogen to the left side. Morphogen identity, site(s) of morphogen
perception and release have been debated (Hirokawa et al., 2006;
Nonaka et al., 1998; Okada et al., 1999; Tanaka et al., 2005). Withrespect to morphogen source, the model comes in two versions. A
morphogen could be released by the lateral margin of the PNC/GRP or
by the PNC/GRP itself. At the lateral margins nodal and other genes are
expressed bilaterally. It has been hypothesized that Nodal protein
might be a good candidate to be transported via ﬂow from the right to
the left side (Cartwright et al., 2008; Hamada, 2008; Saijoh et al.,
2003; Tabin, 2006), resulting in a small difference of protein
concentration which would sufﬁce to activate the Nodal cascade by
reaction–diffusion speciﬁcally on the left side (Hirokawa et al., 2006;
Meinhardt and Gierer, 2000; Nakamura et al., 2006; Ohi and Wright,
2007). Our right-speciﬁc dnah9 knockdown, which does not interfere
with symmetry breakage, clearly eliminates the possibility of Nodal or
any other determinant entering the GRP from the right margin, i.e.
argues for the GRP itself as the source of a possible morphogen.
In such a scenario the inconsistent patterns of asymmetric marker
gene expression upon loss-of-function of the functionally homologous
genes dnah11 in mouse (iv mutant; randomized patterns; Lowe et al.,
1996) and dnah9 in frog (absent expression) may be resolved. In the
mouse, the PNC cells are fated to become notochord (Sulik et al.,
1994), while in the frog, the ciliated notochord precursors are found
only in central parts of the GRP, and are ﬂanked by ciliated
hypochordal and somitic GRP cells on either side (Fig. 7; Schweickert
et al., 2007; Shook et al., 2004). If the morphogen arises in the
notochordal cells, i.e. the population present in mouse and frog alike,
the morphogen would be present in mouse iv/iv mutant embryos
throughout the pit-like depression of the egg cylinder. A peripherally
localized receptor could become randomly activated from the
neighboring morphogen-producing cells, for example by diffusion.
In the frog, a morphogen would need to cover a considerable distance
of some 50 μm (Fig. 7), across the hypochordal and somitic cells before
entering the marginal region where the receptor may reside. In the
absence of ﬂow this seems unlikely, resulting in the observed absence
of marker expression in dnah9 and dnah5 morphants. In the light of
this reasoning our experiments, although consistent with the 2-cilia
model, are best explained in the context of the morphogen model of
symmetry breakage, either through secreted vesicles (NVPs; Tanaka et
al., 2005) or directly secreted molecules. It remains to be seen what
the true nature of the morphogen is, and whether or not sensory cilia
and NVPs are conserved outside the mouse.
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